ABSTRACT: This project has two main objectives; the first is to documents the effect of a porous friction course overlay on the quality of highway stormwater runoff, and the second is to assess pollutant removal of a vegetated area along the side of a road from both conventional and porous pavements. The quantity and quality of stormwater runoff from a four-lane divided highway in the Austin, Texas, area was monitored before and after the installation of a porous friction course (PFC). Observed concentrations of suspended solids and pollutants associated with particulate material were much lower in the runoff from the PFC compared with runoff from the conventional asphalt surface. The vegetated highway shoulder reduced the concentrations of many stormwater constituents from the conventional asphalt surface; however, the concentrations of these constituents in runoff produced by the PFC were so low that the vegetated area produced no further reduction in concentration. Water Environ. Res., 78, 2177Res., 78, (2006.
Introduction
Nonpoint source pollution is an environmental problem that is a concern among regulatory agencies and water quality professionals. Stormwater drainage from highways conveys a portion of this pollution to adjacent receiving waters. Consequently, departments of transportation (DOTs) are subject to increasing pressure by water quality regulatory agencies to control and treat highway stormwater runoff. Therefore, DOTs are interested in developing techniques for mitigating the effects of stormwater runoff and controlling the increased runoff of stormwater from highways and other impervious surfaces.
Existing stormwater treatment technology relies on a system of collection and treatment systems using a variety of structural best management practices (BMPs) (i.e., retention and detention structures, sand filters, and other technologies) or nonstructural BMPs (i.e., grassy swales and vegetated buffer strips). These treatment technologies often require substantial land area within limited highway rights-of-way to function effectively. Implementation of these technologies also requires substantial capital, operational, and maintenance resources.
Innovative stormwater management techniques and methods create opportunities for infiltration, control runoff velocity, reduce runoff volume, and extend the lag time between initial runoff and when flow enters the receiving body, thereby maintaining natural runoff levels (Field et al., 1982) . One type of innovative system for potentially reducing the effects of highway runoff is a porous friction course (PFC), which is a porous asphalt overlay applied to existing concrete and conventional asphalt highways.
Porous asphalt overlays are used increasingly by state transportation agencies to improve drivability in wet weather conditions and to reduce noise from highway traffic. Acknowledged benefits include reduced splash and spray, better visibility, and better traction (Berbee et al., 1999) . These pavements may reduce the runoff volume and peak runoff velocity and increase the lag time between rainfall and runoff, especially for smaller storm events. One objective of this research was to evaluate the changes in runoff quality that might be attributed to the use of porous paving material.
Because installation of structural BMPs for treatment of stormwater runoff from highways is often difficult in the spaceconstrained environment of the highway right-of-way, providing treatment within the pavement structure itself may allow DOTs to mitigate the effects of highway runoff without the need for these types of controls. In contrast to porous pavement, which allows the runoff to infiltrate through to the base material, porous overlays confine the runoff to just the upper layer of the pavement and, in doing so, allay some of the fears of pavement specialists who are concerned with the possibility of the loss of structural strength when the subbase materials are exposed to runoff.
Vegetated shoulders along roadsides often function of filter strips, removing pollutants in runoff from the pavement. There has been reluctance among regulatory agencies to recognize this benefit. This is at least partially a result of the lack of accepted sizing criteria. Consequently, a second objective of this research was to document the pollutant removal that occurred in the vegetated area adjacent to the highway and to determine whether pavement type affected the pollutant removal of this area.
Literature Review
Porous asphalt is an alternative to traditional asphalt and is produced by eliminating the fine aggregate from the asphalt mix. A layer of porous asphalt approximately 50 mm thick is placed as an overlay on top of an existing road base. The overlay typically is referred to as permeable friction courses (PFC), open-graded friction courses, porous European mixtures, or plant mix seal coats. The void space in an asphalt overlay layer generally is 18 to 22% (Asphalt Pavement Alliance, 2003) . Rain that falls on the friction course drains through the porous layer to the original impervious road surface, at which point the water drains along the boundary between the surfaces until the runoff emerges at the edge of the pavement. The volume of surface runoff and amount of spray generated during rain events are reduced, to a large extent, as a result of the permeable nature of this surface. This suppression of spray improves visibility and increases the level of safety for motorists. The porous asphalt also provides a reduction in noise level produced by vehicles on the road (Stotz and Krauth, 1994) .
Permeable asphalt overlays are used increasingly by many state DOTs, including those in Georgia, Texas, California, and Utah. Advancements in the design and installation of PFCs are leading to longer life spans and applicability in dense traffic and high-speedtraffic areas. The improved PFC mixes are expected to last at least 10 years (Asphalt Pavement Alliance, 2003) .
The effect of PFC on stormwater runoff quality has been evaluated in few scientific studies; however, there are several reasons to think that improved water quality may result from the installation of this material. The PFC might be expected to reduce the generation of pollutants, retain a portion of generated pollutants within the porous matrix, and impede the transport of pollutants to the edge of the pavement. Irish et al. (1998) reported that the concentrations of selected constituents in highway runoff were affected by the number of vehicles passing the site during a storm event. These constituents included oil/grease, copper, and lead. Spray generated from tires was assumed to wash pollutants from the engine compartments and bottoms of vehicles. It is reasonable to expect that the amount of material washed off vehicles while driving in the rain will be reduced because PFC reduces splash and spray. This reduction in the amount of material washed from vehicles is expected to decrease the loading of pollutants washed off the road surface; therefore, the concentrations of these pollutants in runoff generated from roads paved with PFC will be decreased.
The porous structure of PFC also may act as a filter for stormwater. Runoff enters the pores in the overlay surface and is diverted towards the shoulder by the underlying conventional pavement. Pollutants in the runoff-especially suspended solids and other pollutants associated with solid particles-can be filtered out as the water flows through the pores. Pollutants also may become attached to the PFC matrix by straining, collision, and other processes. Material that accumulates in the pore spaces of PFC is difficult to transport and may be trapped permanently in the pore spaces. On the surface of a conventionally paved road, splashing created by tires moving through standing water easily can transport even larger particulate material rapidly to the edge of pavement. However, water velocities within the pore spaces of the PFC are low and likely could only transport the smallest particulate material.
Several studies have been conducted to examine the distribution of solids and associated pollutants on road surfaces. These studies generally indicate that the majority of pollutants are located within approximately 1 m (3 ft) of the curb (Laxen and Harrison, 1977; Little and Wiffen, 1978) . The pollutants are transported to the area of the curb by wind turbulence generated by vehicles traveling along the roadway. These materials accumulate in the gutter and are transported easily by rainfall runoff to the storm drain system. Roadways with a PFC surface accumulate particulate material, and the associated pollutants within the pores of the structure and the solids are not blown to the side of the road. In fact, air pressure in the vicinity of tires likely forces particles further into the void spaces of the PFC. Berbee et al. (1999) studied the runoff generated from both porous and nonporous road surfaces in the Netherlands. The porous pavement site had an average daily traffic count of 83 000 and was paved with a 55-mm layer of pervious asphalt on top of an impervious base. The pervious asphalt surface was 3 years old at the time of the study. The second highway site had an average daily traffic count of 53 000 and was paved with conventional impervious asphalt. Runoff samples were collected over 1-week periods to provide an average profile of the concentrations of constituents in the runoff. Lower concentrations of pollutants were observed in runoff sampled from the porous asphalt than from impervious asphalt for many of the constituents monitored. Specifically, total suspended solids (TSS) concentrations were 91% lower, total Kjeldahl nitrogen (TKN) 84% lower, chemical oxygen demand (COD) 88% lower, and total copper, lead, and zinc ranged from 67 to 92% lower than in runoff from the conventional asphalt pavement (Berbee et al., 1999) . The dissolved fractions of copper and zinc were higher in runoff from the porous asphalt overlay. Solids and some metals were believed to be trapped in the porous asphalt overlay.
The effects of settling and filtration on the quality of runoff produced by both porous and nonporous asphalt surfaces also was evaluated by Berbee et al. (1999) . Laboratory-scale experiments were performed to assess the removal efficiencies of both runoff treatment methods. Results indicate that pollutant removal efficiencies were lower for both settling and filtration processes when treating runoff from the porous asphalt surface than from the impervious road surface, raising a question as to the need for such treatment methods in combination with porous asphalt road surfaces. The observed reduced efficiency was believed to be the result of the inherently cleaner nature of the runoff produced by the porous surface.
Research by Stotz and Krauth (1994) quantified the differences in the quality of runoff generated from a porous asphalt overlay and an impervious road surface in Germany. The results indicated that the load of filterable solids in runoff from the porous surface were 60% lower than runoff from an impervious surface, indicating that the overlay surface acts as a filter and detains the particles. Similarly, the load of total copper and total lead in runoff from the porous surface was 31 and 55% less than in runoff from conventional asphalt pavement.
Vegetative controls, such as buffer strips, are common management tools for highway runoff pollution when installed as roadside shoulders. Vegetative controls are adaptable to different site conditions and are relatively inexpensive to install and maintain. Sedimentation is the primary removal mechanism in vegetative controls, and secondary mechanisms include infiltration and adsorption (Dorman et al., 1996) . Results of a study in California indicated that vegetated buffer strips help to slow the velocity of runoff, stabilize the slope, and retain the accumulated sediment in the root zone of the plants (Caltrans Division of Environmental Analysis, 2003). Kaighn et al. (1996) reported that the average removal rates in buffer strips were 63.9% for TSS, 59.3% for COD, and 87.6% for zinc. Pollutants that are associated with larger particulate material are removed more easily by the vegetated buffer strip. Removal efficiencies of pollutants by grassy swales of 85% for suspended solids, 60% for organic compounds, and 75 to 90% for metals were reported by Barrett et al. (1998) .
The ability of vegetated slopes adjacent to freeways to remove contaminants from stormwater also was evaluated in California (Barrett et al., 2004; Caltrans Division of Environmental Analysis, 2003) . Eight sites were studied, each consisting of concrete Vshaped ditches placed parallel to the road at various distances from the edge of pavement. Overall, the observed data indicated substantial improvement in water quality for TSS and total metals and frequently for dissolved metals after passing across the vegetated highway shoulder. However, concentration increases were observed for dissolved solids and occasionally for organic carbon. Nutrient concentrations generally remained unchanged.
In each of the previous studies of runoff quality from porous overlays, the quality of the runoff was compared with conventional pavements located on different highways, with different traffic characteristics and adjacent land uses. This study compares the quality from the same highway immediately before and after resurfacing the road with a porous asphalt overlay. Berbee et al. (1999) conducted the most comprehensive previous study; however, their samples represent runoff occurring over 1-week periods, while this research collected samples from individual storms, which facilitated meeting holding times for all analyses.
Previous work by Berbee et al. (1999) found that little additional improvement in runoff quality from a porous asphalt overlay was achieved by either sedimentation or filtration. This study examines whether vegetated controls, which have been shown to substantially improve runoff quality from conventional pavement surfaces, have any water quality benefit when the road surface consists of a porous asphalt overlay.
Methodology
Stormwater runoff quality was monitored at a site located on Loop 360 in Austin, Texas, during the period February 2004 to May 2005. Loop 360 is a 22.5-km (14-mile), four-lane state highway in the western part of Austin that extends from the Barton Creek/ Mopac area in the south to U.S. Highway 183 in the north. The location of the monitoring site is presented in Figure 1 . The site is adjacent to the two southbound lanes of the highway. The average daily traffic count is estimated at 43 000 (Capital Area Metropolitan Planning Organization, 2002) . The area surrounding the site is primarily low-density commercial and residential land uses. The grassy shoulder from the edge of the highway to the high water line of the adjacent swale has a slope of 12% and an average vegetation density of 83%.
Because of the small area of pavement sampled (less than 20 m 2 ) and safety constraints on the roadside, it was not possible to instrument the site with automatic samplers, flow meters, and recording rain gauges. Instead, GKY FirstFlush Samplers (GKY and Associates, Springfield, Virginia) were installed to collect the runoff. These passive stormwater samplers can hold up to 5 L of water. The lid of each sampler is constructed with five sampling ports, each of which can be plugged to better control the rate at which collected runoff enters the sampler. Plastic flaps on the underside of each port function as closing mechanisms, preventing additional water from entering the sampler once capacity is reached. Each sampler is fitted with a 5-L, removable plastic container and lid to allow for easy removal and transport of the sample. A picture of the edge of pavement sampler is presented in Figure 2 . A rain gauge also was installed at the site to provide storm totals of rainfall.
Although these are called ''first flush'' samplers, a substantial amount of rainfall was required to collect a sufficient volume of runoff for analysis. As shown in Table 1 , the smallest event to provide sufficient runoff volume was 13 mm (0.5 in.); consequently, this configuration allowed sampling of the entire storms for rainfall volumes less than approximately 38 mm (1.5 in.).
A runoff collection pipe was installed on the shoulder in early February 2004. The collection system consisted of 10-m lengths of standard 203-mm (8-in.) polyvinyl chloride pipes. A lengthwise section of each pipe was removed, and a strip of galvanized metal flashing was attached along one of the edges to form a lip to direct runoff into the pipe. The collection pipe was placed in a shallow trench that was dug parallel to the highway at 8 m from the edge of the pavement. The collection pipe was situated so that the metal flashing was flush with ground level. The pipe was placed slightly askew rather than exactly parallel to the road edge to ensure that runoff would easily flow to the sample collector at the end of the collection pipe. The installation is shown in Figure 3 .
The collection pipe was cleaned out before each predicted rain event to remove any dirt, leaves, grass, or trash that had accumulated during the antecedent dry period. The plastic sampling containers were removed and capped at the conclusion of each rain event. The samples were transported to the laboratory for preservation and analysis when sufficient runoff was produced for sample analysis. Five samples of runoff were collected from the conventional pavement, and six samples of runoff were collected from the PFC overlay. All runoff samples were transported for analysis to a U.S. Environmental Protection Agency-certified laboratory, Environmental Laboratory Services, which is operated by the Lower Colorado River Authority, Austin, Texas. The analytical parameters and methods are presented in Table 2 .
In October 2004, the Texas Department of Transportation (TxDOT) implemented a porous asphalt overlay project using The overlay is visible in Figure 2 , and the coarse nature of this paving material is evident in this photograph. Runoff sampling at the site was discontinued during the overlay installation and resumed upon completion of the overlay project. Runoff samples from two events from the conventional surface and two events immediately following the overlay project were analyzed for semivolatile organics, including polycyclic aromatic hydrocarbons (PAHs), using method SW8270C (U.S. EPA, 2004) .
Statistical methods, including t-tests and comparisons based on event mean concentrations (EMCs), were used to analyze the data.
Boxplots were used for displaying the data and to evaluate the performance of the vegetated filter strips. A boxplot is a graphical tool that can be used to visually compare data sets. The line through the middle of the ''box'' indicates the median of the data range, and the dot indicates the mean. The boundaries of the box represent the 25th through 75th percentiles. ''Whiskers'' can extend from the top and bottom of the box to a length of up to 1.5 times the difference between the first and third quartiles to display the values in that range. Points that extend beyond the length of the whiskers are indicated with an asterisk. Statistically significant differences in concentrations were determined through the use of t-tests. Minitab, a commercially available statistical software package (Minitab Inc., State College, Pennsylvania), was used for these tests. A t-test can be used to determine if two sets of data values are statistically different from one another. The test returns a value known as the p-value, which ranges from 0 to 1. A p-value that approaches 1 indicates that the two data sets are indistinguishable and no statistically significant difference exists between them. Conversely, a p-value that approaches 0 indicates that the two sets of values indicate that the two samples sets are unlikely to be derived from a common population. When p-values are less than or equal to 0.05, they are often accepted as indicating a statistically significant difference between data sets.
Results
The EMCs measured during the sampled storm events at the edge of pavement and 8-m samplers and corresponding rainfall event volumes are presented in Table 1 . The edge-of-pavement concentrations from the two pavement types were compared and tested for statistical differences in concentrations. Statistically significant differences in edge-of-pavement concentrations were observed from the runoff originating from the PFC and from the older, traditional asphalt surface. The p-values that resulted from these tests and the arithmetic mean of the measured EMCs from each surface are presented in Table 3 . Concentrations of TSS, TKN, and total copper, lead, and zinc were significantly lower in runoff generated from the PFC surface than in runoff generated from the conventional asphalt surface (i.e., p , 0.05). Chemical oxygen demand also was substantially lower in runoff from the PFC; however, the difference was not statistically significant with the relatively small number of storms sampled.
Boxplots demonstrating the differences between TSS and total zinc concentrations in the runoff from the conventional pavement and PFC are presented in Figure 4 and 5, respectively. The data indicate that runoff generated from the PFC surface is consistently of better water quality than that from the traditional asphalt surface. This difference in water quality also was noted on visual inspection of the runoff samples collected at the edge of pavement. The concentrations of nitrate/nitrite, dissolved copper and zinc, and total and dissolved phosphorus did not exhibit a significant difference between the two road surfaces. These data indicate that the PFC has little to no affect on the concentrations of dissolved constituents in the stormwater runoff.
One problem with a large number of BMPs currently accepted by regulatory agencies is that the primary pollutant removal mechanism is particle settling. Consequently, many BMPs have very low removal efficiencies for dissolved constituents, and, in that way, their performance is similar to that observed for PFC in this study. Because the dissolved phase of many stormwater constituents may be more bioavailable than the solid phase, future research should include toxicity reduction as a component of BMP performance evaluations. One concern that arises with any road construction or paving project is the level of contamination generated by a new asphalt surface. Mahler et al. (2004) reported that lead and zinc are the trace metals most likely to be found in elevated concentrations in runoff from newly paved or sealed surfaces. Polycyclic aromatic hydrocarbons also are a concern for some sealant types. All PAH concentrations observed in the collected water samples were below detection limits for events monitored from the PFC and conventional asphalt surface. The laboratory detection limits for the PAH compounds were relatively high (5 lg/L), which might explain their apparent absence.
A total of 607 mm (23.9 in.) of rainfall was measured at the site during the first 5 months after the PFC was in place, when 4 of the 5 storm events occurred and produced enough runoff to be sampled from the PFC surface. The amount of rainfall that was measured during each of these monitored events and the cumulative volume of rainfall at the site since the installation of the porous overlay is presented in Table 4 . The cumulative rainfall indicates the total volume of water that has been treated by the porous asphalt overlay surface by the date of each monitored event. No significant correlation between discharge concentrations at the edge of pavement and time since installation or cumulative rainfall volume was observed. The effect of the porous overlay on runoff quality over an extended period of time and increasing cumulative rainfall is the focus of ongoing research.
The runoff quality after passing through 8 m of vegetated shoulder adjacent to the highways also was analyzed. The t-tests indicated no significant differences at that distance from either pavement surface. The average concentrations at 8 m are presented in Table 5 . These concentrations were also compared with the edgeof-pavement concentrations observed for each pavement type. For the conventional asphalt pavement, statistically significant ( p , 0.10) reductions in concentration occurred for TSS (64%), total copper (75%), and total lead (91%). The edge-of-pavement concentrations for the PFC were so low that no significant improvement in water quality was observed for any of the monitored constituents. In fact, the improvement in water quality attributed to the switch to PFC was equal or better than the reduction in concentration occurring in the vegetated buffer strip in runoff from the conventional asphalt pavement.
Elevated concentrations of total and dissolved zinc were observed throughout the monitoring period at all sampling distances, except the edge of pavement. The concentrations at the edge of pavement were similar to other reported concentrations found in highway runoff. Because galvanized metal flashing was attached to each collection pipe to help direct runoff into the pipe rather than under it, it is possible that this flashing is the source of zinc and the reason for the high concentrations. With exposure to weather and environment, the galvanized coating on the metal may leach zinc into the runoff. To determine whether the flashing was a source of zinc in the runoff collected at the 8-m sampling point, a 200-mm 3 125-mm piece of flashing was submerged in 3 L deionized water in a clean plastic container in the laboratory for 20 hours. The water was then analyzed for total and dissolved zinc. The resulting concentrations are as follows: total zinc, 1070 lg/L; dissolved zinc, 822 lg/L. These concentrations are much higher than those observed in runoff leaving the highway and confirm that the flashing is a source of zinc in the runoff. For this reason, the zinc concentrations measured at the 8-m sampling point are not believed to be representative of natural conditions in the vegetated area. This is also why no improvement in zinc concentrations was observed, even though concentrations declined markedly for other heavy metals.
A critical component in the assessment of the water quality benefits of PFC is whether the relatively low pollutant concentrations observed in this study are a function of removal of pollutants within the pavement, reduced generation of pollutants through reduction in washoff from vehicles, or the lack of accumulation of pollutants on the new road surface. It is unlikely that the latter is the cause of the low observed concentrations, because Berbee et al. (1999) showed that 3-year-old PFC pavement still had better runoff quality than a conventional asphalt roadway. As particles and particle-associated pollutants accumulate within the pore structure, it seems likely that more runoff will travel on the surface of the pavement, resulting in concentrations that might not be significantly different from those observed in runoff from conventional asphalt pavements, unless maintenance is performed to remove the accumulated material. Berbee et al. (1999) demonstrated that an aggressive maintenance program that includes specially designed vehicles for cleaning the pavement could maintain performance of PFC for a considerable period. These vehicles contain both pressure washing and vacuum equipment to remove the accumulated pollutants. It seems unlikely that the water quality benefits will persist without some effort of this type. A longterm monitoring project to document changes in performance and to evaluate different maintenance strategies is recommended for future research.
Conclusions
This research examined the quality of runoff from a conventional asphalt pavement and a permeable friction course and its subsequent modification through treatment of an 8-m-wide vegetative filter strip. This research was unique in that it provides a direct comparison of the two surface types at the same research site and analyzes runoff produced during discreet storm events over a 15-month sampling period.
Results from this research indicate that runoff from the PFC is of significantly better quality than runoff from the conventional asphalt surface. The runoff generated from the PFC has lower concentrations of TSS, TKN, total metals, and COD than runoff from a conventional asphalt surface. This improvement may be the result of several factors. The amount of pollutants derived from the bottoms of vehicles may be reduced by the reduction in splash and spray. In addition, these pollutants could be trapped in the pores of the overlay surface and thereby are prevented from leaving the paved area. These improvements in water quality resulting from the change in road surfacing material are similar or better than improvements gained from treatment in the vegetated filter adjacent to highway. This indicates that, at low concentrations of common water quality constituents, the vegetated filter strip provides no additional water quality benefit.
A critical component in the assessment of the water quality benefits of PFC is whether the pollutant reduction observed in this study will persist over the life of the pavement. As particles and particle-associated pollutants accumulate within the pore structure, it seems likely that more runoff will travel on the surface of the pavement, resulting in concentrations that might not be significantly different from those observed in runoff from conventional asphalt pavements. The study by Berbee et al. (1999) showed that 3-yearold pavement could still have substantial water quality benefits; however, the Dutch have an aggressive maintenance program that includes specially designed vehicles for cleaning the pavement. These vehicles contain both pressure washing and vacuum equipment to remove accumulated pollutants. It seems unlikely that the water quality benefits will persist without some effort of this type. A long-term monitoring project to document changes in performance and to evaluate different maintenance strategies is recommended for future research.
